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1 Introduction

At the previous meeting (RAN1#89) it was agreed that [1]:
Agreements:

· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 

· FFS for Cat. 3, W2 only feedback is allowed

· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)

· Note: this does not mean NR supports all three categories

· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation
Agreements:

· Study mechanisms targeting efficient use of peak and/or average CSI overhead for CSI feedback Type II.

· For Category I, e.g.

· Mechanism 1: Frequency selective precoding feedback with delay-related parameter(s) (e.g. R1-1704884, R1-1705927)

· Mechanism 2: Differential CSI reporting in time domain h(e.g. R1-1705349, R1-1705588)

· Mechanism 3: Uneven quantization bit allocation for the beam amplitudes or/and phases (e.g. R1-1705076)

· Mechanism 4: Matrix quantization considering inter-layer orthogonality for W2(e.g., R1-1704408)

· Note: performance should be also considered for overhead reduction 

· Other examples are not precluded. 
Category1 codebook design is discussed in our companion contribution [2].  In this contribution, we will discuss the remaining issues for Type II CSI feedback, including the remaining categories codebook and the method for reducing overhead.
2 Overhead reduction for Type II codebook

Type II codebook focus on high resolution CSI feedback, which requires high feedback overhead conventionally. However, the supported payload size would have an upper bound, and codebook design should achieve a well tradeoff between performance and overhead. In other words, we should try to reduce the redundant overhead with little performance degradation.
For Category I codebook in Type II, four mechanisms have been proposed:
· Mechanism 1: Frequency selective precoding feedback with delay-related parameter(s)
It is observed in [3] that the frequency correlation exists in the phases for each beam combination coefficient across multiple resource blocks. For the different inter-beam delay spread, different models can be established to approach the variation of phases across the resource blocks, such as linear phase shifting or higher order frequency parameterization model. Different overhead reduction can be achieved by different maximum order of frequency parameterization used equivalently. However, the correction between the phases across resource blocks would highly relative to the CSI of each user and multiple configurations should be supported with varying beam number, number of taps and strongest tap. What’s more, specific transform should be defined in specification, which make the CSI feedback seems more complicated.
· Mechanism 2: Differential CSI reporting in time domain
In the Category I codebook, beam combination is used with multiple beams reported on wideband and multiple beam combination coefficients reported on each subband, which would lead to a significant high feedback overhead. In [4], the CSI reporting of multiple beams are divided into multiple reporting instances, and the feedback overhead for each instance would be considerable small. A little concern about the differential CSI reporting is the time-varying CSI of the UE. With the differential CSI reporting, the multiple beams required to be reported on N instances are preconfigured at the beginning of the N instances. An exception case is that if the CSI of the UE changes within the N instances, and the most significant beams to represent CSI would change accordingly, then it is unnecessary to report the remaining beams. 

Actually, the beams to represent the CSI of the UE can be divided into multiple levels, in which some beams can be reported to feedback the coarse CSI and the other beams can be reported to be the complementarity to the coarse CSI. However, in this case, an indicator should be reported to tell gNB that UE is reporting the initial coarse CSI or complementary CSI.
Proposal 1: If supported, differential CSI reporting should be reported along with reporting stage.
· Mechanism 3: Uneven quantization bit allocation for the beam amplitudes or/and phases
For beam combination codebook, multiple beams are combined to represent the intended precoding vector. The beams whose coefficients with larger amplitude should be more important for recovering the intended precoding vector with larger weight in the combined results. Therefore, to guarantee the accuracy, coefficient with lager amplitude tend to be quantized with more bits. Meanwhile, the beams whose coefficients with so small amplitude would have little effect on the combined results and only a little bits are needed for the quantization of their coefficients. Therefore, the number of bits are reasonable to be different for different elements and more bits should be allocated for the element with larger amplitude, as discussed in [5].
Actually, the bit allocation within the beam coefficients don’t require to across multiple time instances, frequency subbands and layers, which seems to be simpler and is easy to be implemented. What’s more, it can be used along with the other mechanisms.
Proposal 2: Uneven quantization bit allocation for beam combination coefficients should be supported at least.
· Mechanism 4: Matrix quantization considering inter-layer orthogonality for W2
There is an inherent drawback of beam combination codebook that the combined vectors on different layers may not be orthogonal to each other even with the orthogonal beams. In [6], an inter-layer orthogonality for W2 method is considered. Indeed, by orthogonality transformation, the combined vectors on different layers would be orthogonal to each other and the overhead can be reduced by finding a subspace for representing the W2 codebook with small performance loss. However, in our views, W2 codebook with the method above tend to be different for different cases and may not have a unified regulation for W2 codebook, which may increase the implementation complexity of UE. Furthermore, this method may have trouble in reducing the overhead in the case of rank 1.
3 Category 2 codebook
3.1 Common design for Category 1 and Category 2 codebook 
Category 2 codebook has been declared to be wideband and long-term feedback in RAN1#88 [7], and can’t employed standalone. Therefore, it is necessary to investigate the short-term and subband feedback for Category 2 codebook. In our views, the design for Category 1 and category 2 codebook can be unified and expressed as dual-stage pre-coding:
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where W1 are wideband and long-term feedback while W2 are subband and short-term feedback.
In Category 1 codebook, W1
 codebook consists of DFT beams for beam combination with dimension of 
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, where L denotes the selected beam number for each polarization, 
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 denotes the number of antenna ports and RI denotes the rank for the given user.
In Category 2 codebook, we proposed a two-stage precoding method called dynamic spatial dimension reduction (DSDR) [8], where W1 is a spatial dimension reduction matrix with dimension of 
[image: image5.wmf]S

N

N

´

2

1

2

, and W2 is short-term and subband feedback with dimension of 
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), where S denotes the number of ports to sufficient represent the given user’s signal.
In the proposed Category 2 codebook, W1 can be either UE-specific or UE-group specific which represents a common beam space for the served users in UE-group. W1 is obtained by the wideband and long-term channel covariance matrix based on the full ports channel
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 while W2 is obtained based on the measurement of short-term effective channel 
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To facilitate the above precoding scheme for Category 2, a two-step CSI measurement and reporting is required [9], and each step corresponding to one of the two precoding stages W1 and W2. 

3.2 Channel covariance matrix measurement
To calculate the DSDR precoding matrix W1, channel covariance matrix or its eigenvectors of each user are required to be fed back. 
Direct measurement of a large-dimensional channel covariance matrix of each user definitely requires large CSI-RS overhead. Considering the high spatial correlation in a compact planar array usually deployed in massive MIMO systems, the channel covariance matrix can be approximated by the Kronecker product (KP) of several sub-channel covariance matrices with lower dimensions. Thus, to acquire the large-dimensional channel covariance matrix, it is preferable to measure the sub-channel covariance matrices considering the reduction on CSI-RS overhead. Network can easily retrieve the entire channel covariance matrix based on the KP of these sub-channel covariance matrices. 
In details, the 
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 channel covariance matrix 
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 of certain user can be approximated by the KP of three sub-channel covariance matrices [9] of the user as following: 

[image: image12.wmf]ULA

N

N

ULA

N

N

CLA

1

1

2

2

2

2

´

´

´

Ä

Ä

=

R

R

R

R


where 
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 is the 2x2 channel covariance matrix of 2Tx cross-polarized linear array (CLA) (1, 1, 2), capturing the correlation between two polarizations. 
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 channel covariance matrix of the horizontal uniformly spaced linear array (ULA) (1, N2, 1), and  
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 sub-channel covariance matrix of the vertical ULA (N1, 1, 1).
Proposal 3: Kronecker-product based reconstruction of channel covariance matrix should be supported in NR.
3.3 Channel covariance matrix feedback
The benefits from channel covariance matrix feedback compared with pre-coding vector feedback in Category 1 codebook is high resolution for W1 actually. For category 1, W1 consists of 2D DFT beams for indicating the beam direction of the given user. However, for category 2, the each column in W1 actually indicates the beam direction of the given user more precisely without the restriction of DFT beam, which increases the overhead for W1 codebook.
For example, W1 codebook can be S eigenvectors of the long-term and wideband channel covariance matrix based on the full ports channel
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, and W2 codebook is RI eigenvectors of the short-term and subband channel covariance matrix based on the effective channel
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For W1 codebook feedback, each column can be fed back with each element quantized which may lead to high overhead. To save overhead, each column within W1 codebook can also fed back in a beam combination way with each column represented by the combination of multiple 2D-DFT beams. For W2 codebook feedback, as in category 1 codebook, each column can be fed back with each elements quantized respectively. 
3.4 Evaluation results 
The performance improvement by DSDR over the baseline of conventional sub-array is demonstrated in Table I, assuming the ideal feedback for W2. 

In Table I, the term “non-KP” means the entire channel covariance matrix is measured directly, while the term “KP” means it is estimated by the Kronecker product of several sub-channel covariance matrices. The term “ideal” means the eigenvectors of the channel covariance matrix is fed back perfectly, while the term “non-ideal” means they are quantized with the linear combination method. For the eigenvector feedback, 4 eigenvectors are fed back from each user, where L=2 beams for each polarization are selected and average 4 bits are assigned for the quantization of each beam combiantion coefficient.

Table I. Performance of DSDR with different CSI feedback resolution
	16TXRU
	32TXRU

	Method
	Gain
	Method
	Gain

	
	Mean UPT
	5% UPT
	
	Mean UPT
	5% UPT

	Subarray
	0%
	0%
	Subarray
	0%
	0%

	Non-KP & Ideal
	93.27
	207.85
	Non-KP & Ideal
	17.13
	49.86

	KP & Ideal
	78.35
	160.55
	KP & Ideal
	11.88
	37.89

	KP & Non-Ideal
	78.09
	160.54
	KP & Non-Ideal
	11.87
	35.42


With ideal channel covariance matrix, the proposed “DSDR” scheme significantly outperforms the “subarray” scheme. For the “DSDR” scheme, the proposed Kronecker-product based reconstruction of channel covariance matrix only has limited performance loss compared with ideal channel covariance matrix. Based on linear combination for eigenvectors feedback, the “DSDR” scheme still achieves 11.87% mean UPT gain and 35.42% %5 UPT gain over the “subarray” scheme for the case of 32TXRU, which is even large for the case of 16 TXRU. 

4 Category 3 codebook
For category 3, hybrid CSI feedback is agreed to FFS. There are two hybrid CSI feedback mechanisms under discussion in NR: non-precoded CSI RS + LTE Class B, K=1 like CSI-RS, and LTE Class B, K>1 like CSI-RS+ LTE Class B, K=1 like CSI-RS. 
In the first mechanism, wideband W1 is reported by UE in the first stage based on the non-precoded CSI-RS measurement, and this W1 can be used for the CSI-RS beamforming in the second stage. In LTE, UE selects only one pair of ports for each layer from the multiple beamformed CSI-RS ports, based on the codebook design. However, considering the number of antenna elements at gNB is large in NR, the generated beams for each beamformed CSI-RS port can be narrow. Thus, for UE who has multiple strong propagation paths, selecting one pair of ports may not be enough to represent the channel spatial characteristics in high resolution. Therefore, the following port combination codebook is proposed.
4.1 Codebook structure for LTE Class B, K=1 like CSI-RS
4.1.1 Codebook structure
To support high resolution CSI feedback for LTE Class B, K=1 like CSI-RS, multiple ports can be selected and combination coefficients should be reported by UE. Based on the selected ports and the related coefficients, gNB can construct a proper precoder for PDSCH transmission.

To have a unified codebook structure as Category I, the port combination codebook structure can be designed as
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where 
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 is the wideband port selection matrix and common for all layers:
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 has 1 as its j-th elements and zeros as its all other elements. 
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 is the number of ports in each polarization.
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consists of the coefficients for layer r and polarization p. 
Suppose the precoder for the 
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. The amplitude and phase of each coefficient is quantized and reported in a subband manner.
The port selection can also be reported independently from the codebook design. In this way, 
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is an identity matrix.
4.1.2 Simulation results

Fig. 1 shows the performance gain of our proposed port combination codebook over the legacy Class B, K=1 CSI codebook. 8 CSI-RS ports are formed by the 8 TXRU at gNB, and DFT vectors are used for beamforming CSI-RS on each port. 1/2/4 port per polarization are selected and the corresponding combination coefficients are reported. The phase of each coefficients is quantized with 3 bits, the amplitude is quantized in a differential way with 2 bits quantization in wideband and 1 bit quantization in subband. As shown in Fig. 1, compared with legacy scheme which selects 1 port pair with co-phasing between two polarizations, selecting 2 port pairs (i.e., 4 ports) brings significant performance gain, with mean UPT gain of 17.56% and 5% UPT gain of 43.98%. These performance gains continues to increase with more ports. 
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Figure 1. Performance of systems with Class B K=1 like CSI-RS: 8 ports in the channel resource

Observation 1: Proposed port combination codebook brings significant performance gain over legacy codebook for LTE Class B, K=1 like CSI-RS.
Proposal 4: For LTE Class B, K=1 like CSI-RS, support multiple port selection and port combination to provide a high resolution CSI feedback.

Proposal 5: For LTE Class B, K=1 like CSI-RS, support dual stage codebook structure 
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is the wideband port selection matrix or an identity matrix common for all layers, and 
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 contains port combination coefficients for  each layer.
4.2 Codebook structure for LTE Class B, K>1 like CSI-RS
4.2.1 Codebook structure
In the second hybrid mechanism, multiple CSI-RS resources are configured in the first stage. In LTE, UE select one resource and report CRI to gNB. The selected resource can be corresponding to the strongest propagation path. However, if the beams of each CSI-RS resource is narrow, selecting one resource may not be sufficient. To provide a higher resolution CSI feedback, multiple resources can be reported.

Based on the reported multiple CRIs, gNB can construct a new CSI-RS resource with a new beamformer. To help the construction of the new beamformer at gNB, combination coefficients among the resources should be reported by UE. Specifically, the combination coefficients can be used to combine the beamformer of each selected resource to construct a new beamformer. For example, as shown in Fig. 2, considering two resources are selected, and each resource has four ports (two ports for each polarization), then the combination coefficients construct a W3 matrix as 
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is the combination coefficient for port j of the s-th selected resource for polarization p (
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Suppose the beamformers of the two CSI-RS resources are 
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, then the beamformer for port j of the new CSI-RS resource is 
[image: image43.wmf]2

,

,

2

1

,

,

1

,

j

p

j

p

j

p

a

a

u

u

v

+

=

. 

[image: image44.emf]port 1

port 0

port 2

port 3

port 6

port 5

port 7

port 8

CSI-RS resource 1 with 4 ports

CSI-RS resource 2 with 4 ports

A new CSI-RS resource with 4 ports

port 1'

port 0'

port 2'

port 3'

Port combination


Figure 2 Combination among multiple CSI-RS resources to obtain a new CSI-RS resource 

Based on the new resource, the dual stage codebook for category I can be further used to provide a high resolution CSI feedback. 
From the analysis above, the codebook structure can be constructed as a three-stage codebook:
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 contains combination coefficients for port j and polarization p, and 
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 codebook can be reported in a wideband manner for overhead reduction, and the coefficients can be calculated per port or be the same for all ports (i.e., 
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· The beamformer of port j and polarization p of the new CSI-RS resource is 
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4.2.2 Simulation results
Fig. 3 shows the performance gain of our codebook structure over the legacy Class B, K>1 codebook. In our simulation, 4 CSI-RS resources are configured by gNB, and each resource has 8 antenna ports, and the port virtualization is as follows:

· TXRU mapping: (2,8,2,1,1).

· Port mapping within one CSI-RS resource: (2,2,2,1,1), i.e., one port is virtualized from 4 TXRU in horizontal dimension.

· Oversampling configuration in each CSI-RS resource: O1=4, O2=4.
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Figure 3 Performance of systems with Class B K>1 like CSI-RS: 4 resources and 8 ports in each resource.

“1 CRI” in Fig. 3 means only one CSI-RS resource is selected by each UE. Similarly, “i CRI” means at most i CSI-RS resources are selected. The reason of allowing UE to decide to select 1 or 2 CSI-RS resources in “2 CRI” case is that, for some UEs whose channel directions can be almost covered by one CSI-RS resources, selecting one CSI-RS is sufficient. The linear combination coefficients that combines multiple CSI-RS resources are feedback on a wideband basis, and the linear combination coefficients corresponding to channels within a CSI-RS resource is feedback on a subband basis. 

As shown in Fig. 3, selecting more than one CSI-RS resources brings notable gain over legacy codebook based CSI feedback which selects only one CSI-RS resource. For example, selecting 2/4 CRIs with one beam/polarization selected within one CRI brings a mean UPT gain of 7.43%/11.7% and a 5% UPT gain of 16.94%/32.4%, which shows the necessity of combining multiple CRI. The performance gain further increases as the Type II CSI feedback are applied. When 2/4 CSI-RS resources are selected and 2 beam/ polarization are combined based on the Type II CSI feedback, the mean UPT gain increases to 14.7%/16.57% and the 5% UPT gain increases to 44.8 %/46.3%. 
Observation 2: Proposed three stage codebook structure brings significant performance gain over legacy codebook for LTE Class B, K>1 like CSI-RS.
Proposal 6: For LTE Class B, K>1 like CSI-RS, support multiple CSI-RS resources selection and resources combination to provide a high resolution CSI feedback.

Proposal 7: For LTE Class B, K>1 like CSI-RS, support three stage codebook structure 
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5 Conclusions
In this contribution, we have the following proposals:

Observation 1: Proposed port combination codebook brings significant performance gain over legacy codebook for LTE Class B, K=1 like CSI-RS.
Observation 2: Proposed three stage codebook structure brings significant performance gain over legacy codebook for LTE Class B, K>1 like CSI-RS.
Proposal 1: If supported, differential CSI reporting should be reported along with reporting stage.
Proposal 2: Uneven quantization bit allocation for beam combination coefficients should be supported at least.
Proposal 3: Kronecker-product based reconstruction of channel covariance matrix should be supported in NR.
Proposal 4: For LTE Class B, K=1 like CSI-RS, support multiple port selection and port combination to provide a high resolution CSI feedback.

Proposal 5: For LTE Class B, K=1 like CSI-RS, support dual stage codebook structure 
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is the wideband port selection matrix or an identity matrix common for all layers, and 
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 contains port combination coefficients for  each layer.
Proposal 6: For LTE Class B, K>1 like CSI-RS, support multiple CSI-RS resources selection and resources combination to provide a high resolution CSI feedback.

Proposal 7: For LTE Class B, K>1 like CSI-RS, support three stage codebook structure 
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Appendix

Simulation assumptions
	Parameters
	Values

	Scenarios
	Dense urban 

Single Layer: Macro layer: Hex. Grid

	Duplex mode 
	FDD

	Inter-BS distance 
	200m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	SCM-3D-UMA

	BS Tx power 
	41dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1); (dH,dV) = (0.8, 0.5)λ

	BS TXRU mapping
	(MTXRU, NTXRU, P, Mg, Ng) = (2, 8, 2, 1, 1), (2, 4, 2, 1, 1), (1,4,2,1,1)

	BS antenna height 
	25m

	UE antenna configurations 
	2Rx, Cross-polarized with 0, 90deg

	UE antenna height
	Follow TR36.873

	UE antenna gain
	Follow TR36.873

	UE receiver noise figure
	9 dB

	Traffic model
	Non-Full buffer, FTP model 1, 500KB packet size

	UE distribution
	80% Indoor, 3km/h, 

20% Outdoor, 30km/h

	Scheduler
	PF

	HARQ scheme
	CC with up to 3 retransmissions

	UE receiver type
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	MIMO mode
	MU-MIMO with rank adaptation, max rank =2
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Port combination



